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Abstract 

Sulfonated-silica/Nafion®  composite  membranes  were  prepared  in  a  sol-gel  reaction  of  (3 -Mercaptopropyl)trimethoxy silane  (SH- silane)  fol¬ 
lowed  by  solution  casting,  and  then  oxidated  using  10  wt%  H202  solution.  The  chemical  and  physical  properties  of  the  composite  membranes 
were  characterized  by  using  FT-IR,  XPS,  29 Si  NMR  and  SEM  analyses.  Experimental  results  indicated  that  the  optimum  oxidation  condition 
was  60  °C  for  1  h.  The  performance  of  the  silica-S03H/Nafion®  composite  membranes  was  evaluated  in  terms  of  methanol  permeability,  proton 
conductivity  and  cell  performance.  The  silica-S03H/Nafion®  composite  membranes  have  a  higher  selectivity  (C/P  ratio  =  26,653)  than  that  of 
pristine  Nation®  (22,795),  perhaps  because  of  their  higher  proton  conductivity  and  lower  methanol  permeability.  The  composite  membrane  with 
0.6  wt%  silica-S03H/Nafion®  performed  better  than  pristine  Nation®.  The  current  densities  were  measured  as  62.5  and  70  mA  cm-2  at  a  potential 
of  0.2  V  with  a  composite  membrane  that  contained  0  and  0.6  wt%  silica-S03H,  respectively.  The  cell  performance  of  the  DMFC  was  improved 
by  introducing  silica-S03H.  The  composite  membrane  with  0.6  wt%  of  silica-S03H  yielded  the  maximum  power  density  of  15.18  mW  cm-2.  The 
composite  membranes  are  suitable  for  DMFC  applications  with  high  selectivity. 

©  2007  Published  by  Elsevier  B.V. 
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1.  Introduction 

Fuel  cells  are  promising  power  sources  because  of  their 
high  energy  density  and  environmental  protection.  Among 
the  numerous  fuel  cells,  direct  methanol  fuel  cells  (DMFCs) 
are  especially  attractive  as  portable  power  sources.  Howe¬ 
ver,  methanol  crossover  is  a  major  problem  that  limits  its 
range  of  practical  applications  [1].  The  fluorinated  membrane 
Nation®  from  DuPont  Co.  has  been  widely  used  as  a  proton¬ 
conducting  electrolyte  membrane  because  of  its  excellent 
chemical,  mechanical,  thermal  stability  and  high  proton  conduc¬ 
tivity  (~0.1  Scm-1).  However,  Nation®  shows  high  methanol 
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permeability  (~10-6  cm2  s-1),  which  reduces  the  performance 
of  DMFCs  [2] .  The  challenge  is  to  reduce  the  methanol  crossover 
and  to  improve  the  proton  conductivity  of  the  membrane. 

Numerous  attempts  have  been  made  to  reduce  the  metha¬ 
nol  permeability  through  polymer  electrolyte  membranes.  They 
include  (i)  modifying  the  surface  of  the  Nafion®  membranes  to 
block  the  methanol  transport  [3-8];  (ii)  developing  new  electro¬ 
lyte  polymers  [9] ;  and  (iii)  introducing  a  winding  pathway  for 
a  methanol  molecule  by  preparing  a  composite  with  inorganic 
materials  [10-18].  Most  composite  membranes  have  been  pre¬ 
pared  by  adding  a  nonconductive  ceramic  oxide,  such  as  silica 
[10,11],  zirconia  [12],  titania  [13],  organo-montmorillonite  [14] 
and  such  proton-conductive  materials  as  sulfonated  montmo- 
rillonite  [15-17]  and  sulfonated  phenethyl- silica  [18]  into  the 
Nafion®  membrane.  When  applied  to  DMFCs,  these  compo¬ 
site  membranes  reduce  methanol  crossover.  However,  this  effect 
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does  not  always  provide  the  desired  improvement  in  the  per¬ 
formance  of  the  membrane-electrode  assembly  (ME A),  mainly 
because  the  proton  conductivity  of  the  composite  membranes 
that  are  fabricated  with  these  less  proton-conductive  oxides  was 
much  lower  than  that  of  the  pristine  Nation®  membrane. 

Several  Nation® /silica  hybrid  composite  membranes  have 
been  recently  prepared  by  the  sol-gel  reaction  of  tetraethoxysi- 
lane  (TEOS)  to  form  silica  in  the  membrane  [19-21].  Deng  et 
al.  [22]  described  the  possibility  of  using  Nation® /silica  hybrid 
membrane  in  a  PEM  fuel  cell  with  a  higher  water  uptake  but 
lower  methanol  uptake,  and  greater  mechanical  strength  than 
the  unmodified  Nation®  membrane.  Using  the  same  method, 
Jalani  et  al.  [23]  synthesized  Nafion®-M02  (M  =  Zr,  Si,  Ti) 
nanocomposite  membranes  via  the  in  situ  sol-gel  technique 
and  compared  them  with  the  unmodified  Nation®.  Nation® - 
MO2  (M  =  Zr,  Si,  Ti)  exhibited  good  water  uptake  properties. 
Furthermore,  chemical,  physical  and  thermal  properties  were 
improved  by  incorporating  nanosized  inorganic  additives  which 
have  higher  acidity  and  more  favorable  water  uptake  properties. 

Ren  et  al.  [24]  reported  the  incorporation  into  Nation® 
by  various  additives  that  have  been  grafted  with  organic 
functional  groups,  including  5  wt%  of  mercaptopropylmethyl- 
dimethoxysilane  HS(CH2)3CH3Si(OCH3)2  (-SH),  TEOS  and 
HS(CH2)3CH3Si(OCH3)2-TEOS  (TEOS-SH).  After  oxidation, 
the  composite  membranes  were  oxidized  with  H2O2  solution 
and,  then,  the  thiol  (-SH)  group  was  converted  to  a  sulfonic 
group  (-S03H).  The  proton  conductivity  of  the  composite  mem¬ 
branes  decreased  slightly  and  the  methanol  permeability  was 
reduced.  Rhee  et  al.  [25]  oxidized  the  thiol  functional  group  to 
sulfonic  groups  by  10  wt%  H2O2  at  different  temperatures  and 
the  membrane  was  characterized  by  X-ray  photoelectron  spectra 
(XPS).  However,  the  DMFC  test  using  these  composite  mem¬ 
branes  underperforms  pure  Nation®  because  of  its  inadequate. 
Hence,  the  purpose  of  this  study  is  to  find  out  the  optimized 
oxidized  conditions  under  which  silica-SH/Nafion®  composite 
membrane  is  suitable  for  DMFC. 

In  this  investigation,  the  silica-SH/Nafion®  composite  mem¬ 
branes  were  prepared  by  in  situ  sol-gel  reaction.  The  properties 
of  the  oxidized  membranes  with  different  quantities  of  additives 
were  compared.  The  silica  network  in  the  silica-SH/Nafion® 
composite  membrane  was  analyzed  by  29  Si  NMR  and  FT-IR. 
The  oxidation  contribution  was  characterized  by  XPS.  The  com¬ 
posite  membranes  derived  from  Nation® /silica-S03H  exhibit 
improved  performance.  In  this  work,  the  proton  conductivity, 
the  methanol  permeability  and  the  single  cell  performance  were 
studied  and  compared  with  those  of  pristine  Nation®. 

2.  Experimental  section 

2.7.  Membrane  preparation 

(3-Mercaptopropyl)trimethoxysilane  (SH-silane)  was  intro¬ 
duced  into  a  beaker  with  methanol  (99.9%,  Aldrich  Co.  Fairfield, 
OH,  USA)  to  prepare  SH-silane/methanol  diluted  solutions. 
The  quantity  of  SH-silane  and  Nation®  solution  was  varied  to 
obtain  different  Si02  contents  (0.3-1. 2  wt%  based  on  Nation®) 
in  the  membrane.  The  solutions  were  further  stirred  for  1  h  at 


5%  Nafion*  soultion 

Silane-SH  /  methanol 

\ 

Mixing  and  stir  for  1  h 

) 

Nafion®  /  Silica-SH  solution 

\ 

Casting,  drying  and  annealing 

/ 

Nafion®  /  Silica-SH  membrane 

1 

Oxidation  by  1 0%  H202 
|  at  60  °C  for  1  h 

Nafion®  /  Silica-S03H  membrane 

Fig.  1.  The  process  for  preparing  the  silica-SOsH/Nafion®  composite  mem¬ 
branes. 

room  temperature  for  sol-gel  reaction.  The  mixture  prepared 
was  slowly  poured  in  a  glass  dish  in  the  quantity  that  would 
provide  a  thickness  of  ca.  120  jxm  of  the  formed  composite  mem¬ 
brane.  The  filled  glass  dish  was  placed  on  the  leveled  plate  of  a 
vacuum-dry  oven,  and  then  was  dried  by  increasing  the  tempe¬ 
rature  slowly  from  300  to  323  K  to  prevent  crevice  of  composite 
membrane.  Finally,  the  residual  solvent  in  the  composite  mem¬ 
brane  was  removed  completely  by  evacuation  at  373  K  for  12  h. 
Fig.  1  describes  the  procedure  for  preparing  the  composite  mem¬ 
brane.  The  membranes  were  oxidized  by  immersing  in  10  wt% 
H2O2  solution  for  1  h  at  337  K  and  then  dried  in  an  oven.  The 
silica-S03H/Nafion®  composite  membranes  was  prepared. 

2.2.  Characterization 

FTIR  spectra  of  the  silica-SH/Nafion®  composite  mem¬ 
branes,  were  recorded  between  1400  and  500  cm-1 ,  on  a  Nicolet 
Avatar  320  FT-IR  spectrometer  (USA).  The  polymer  solutions 
were  casted  onto  the  KBr  pellet,  and  then  dried  5  min  to  evapo¬ 
rate  the  solvent.  A  minimum  of  32  scans  was  signal- averaged 
with  a  resolution  of  1  cm-1  in  the  1400-500  cm-1  range. 

The  thiol  (-SH)  transformed  to  sulfonic  (-S03H)  groups  was 
analyzed  by  X-ray  photoelectron  spectra  (XPS)  acquired  with 
a  VG-Scientific  ESCAFAB  220  iXF  spectrometer  and  equip¬ 
ped  with  a  hemispherical  electron  analyzer  and  an  Mg  Ka 
(hv=  1253.6  eV)  X-ray  source.  Solid  state  29Si  NMR  experi¬ 
ments  were  performed  on  a  Briiker  DSX-400  Spectrometer.  The 
29  Si  NMR  was  used  to  characterize  the  structure  of  silica.  The 
morphology  of  the  composite  polymer  membranes  was  investi¬ 
gated  using  a  scanning  electron  microscope  (JEOF-6300F). 

2.3.  Ionic  exchange  capacity  measurement 

The  quantity  of  acid  equivalents  per  gram  of  polymer  can  be 
obtained  by  the  following  steps.  First,  the  membrane  in  the  acid 
form  was  immersed  in  2M  NaCl  solution  to  convert  sulfonic 
acid  to  sodium  form.  Next,  the  released  H+  was  back  titrated 
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with  a  0.0 IN  NaOH  solution  using  phenolphthalein  as  indica¬ 
tor,  meanwhile,  the  volume  of  NaOH  and  pH  was  recorded  to 
determine  the  equivalence  point.  The  IEC  is  the  equivalents  per 
gram  of  dry  polymer. 

2.4.  Water  uptake  and  swelling 

Polymer  membranes  were  dried  in  a  vacuum  oven  at  80  °C 
for  2  h  and  weighted.  Then  the  sample  was  immersed  in  distil¬ 
led  water  and  isothermal  oscillating  at  60  °C  for  2h.  The  water 
uptake  was  calculated  using  the  following  equation: 

Water  uptake  (%)  =  — — -  x  100  (1) 

Wdry 

where  is  the  weight  of  wet  membranes  and  W^y  is  the 
weight  of  dry  membranes. 

2.5.  Proton  conductivity  and  methanol  permeability 
measurement 

Proton  conductivities  of  membranes  were  measured  at  room 
temperature  by  AC  impedance  method,  a  Solartron  Interface 
1260  gain  phase  analyzer  Hampshire,  U.K.  was  used,  over 
the  frequency  range  of  10  kHz-1  Hz.  The  sample  was  sand¬ 
wiched  between  two  circular  platinum  electrodes  of  1.0  mm 
diameter  in  an  open  cell.  The  conductivity  was  calculated 
from  the  following  equation:  a  =  LIRA,  where  L  is  the  mem¬ 
brane  thickness,  A  the  surface  area  of  the  electrodes  and  R 
is  the  membrane  resistance.  Methanol  permeability  was  deter¬ 
mined  and  calculated  by  using  two  connected  compartment 
cells  as  described  in  our  previous  paper  [14].  In  the  begin¬ 
ning,  one  compartment  was  filled  with  10  M  methanol  solution, 
and  the  other  compartment  was  filled  with  deionized  water. 
Each  compartment  was  kept  stirring  during  experiment  to 
ensure  the  uniformity  of  the  cell  concentration.  The  refractive 
index  of  methanol  solution  was  recorded  with  time  and  was 
converted  to  the  methanol  concentration.  Methanol  permeabi¬ 
lity  was  obtained  by  analyzing  the  methanol  concentration  with 
time. 

2.6.  Membrane-electrode  assembly  (MEA)  fabrication  and 
fuel  cell  evaluation 

The  membranes  were  immersed  in  1  M  sulfuric  acid  for  1  day 
and  then  washed  with  distilled  water  to  remove  the  remaining 
sulfuric  acid  in  order  to  assure  of  the  hydrogen  form  of  the  com¬ 
posite  membranes.  Fuel  cell  experiments  were  carried  out  in  a 
2  cm  x  2  cm  self-designed  single  cell  as  described  in  our  pre¬ 
vious  paper  [26] .  The  single-cell  was  tested  with  5  M  methanol 
solution  and  air  breathing  after  equilibrium  at  40  °C  for  4  h.  A 
layer  of  20  wt%  of  PtRu  (1:1  a/o)  on  carbon  black  (anode)  and 
20  wt%  of  Pt  on  carbon  black  (cathode)  were  applied  on  two  gas 
diffusion  layers.  The  content  of  catalyst  loading  was  approxima¬ 
tely  0.2  and  0.5  mg  cm-2  for  anode  and  cathode,  respectively. 


Fig.  2.  FT-IR  spectra  of  pristine  Nation®  and  composite  silica-SH/Nafion® 
membranes. 


3.  Results  and  discussion 

3.1.  FT-IR  analysis  of  the  micro  structure  of  composite 
membrane 

Fig.  2  illustrates  the  FT-IR  spectra,  which  include  the  IR 
absorbance  features  that  are  related  to  the  molecular  structure  of 
silica-SH/Nafion®  composite  membranes.  The  signature  peaks 
are  characteristic  of  silicate  structures.  Mauritz  [27]  assigned 
these  peaks  for  silicate  nanostructures  that  are  generated  by  an 
in  situ  sol-gel  process  in  Nation®  membranes.  In  these  spectra, 
the  peaks  of  the  pristine  Nation®  bands  appeared  at  969,  982, 
1057  cm-1  and  a  broad  band  existed  from  1100  to  1300  cm-1. 
After  the  silica-SH  was  added,  new  absorption  wavenumbers 
of  the  silica-SH,  995  and  1034  cm-1,  appeared,  as  shown  in 
Table  1.  The  absorption  peak  at  995  cm-1  was  due  to  the  sym¬ 
metric  stretching  vibration  of  the  Si-O-Si  groups,  providing 
evidence  of  a  successful  condensation  reaction  between  Si-OR 
groups.  This  absorbance  peak  increased  with  the  silica  loading 
from  0.3  to  1.2  wt%.  The  peak  at  1034  cm-1  increased  slightly 
with  the  silica  content  in  the  composite  membrane,  which  trend 
was  attributed  to  the  Si-OH  stretching  vibration.  The  Si-OH 
band  represents  the  incomplete  condensation  of  Si-OH  groups 
and  is  sometimes  referred  to  as  a  “defect  band”  within  the  silica 
network  structure  [28].  The  silica-SH  clearly  was  successfully 
introduced  into  the  Nation®  membrane. 


Table  1 

Comparison  of  IR  frequencies  (cm-1)  of  Nafion®  and  silica-SH/Nafion® 
membranesa 


Pristine  Nafion® 

(this  work) 

Silica-SH/Nafion® 

(this  work) 

Assignment  (Refs. 
[4,31,32]) 

969,982 

969,982 

v  (C-O-C) 

994 

u  (Si-O-Si) 

1034 

p  (Si-OH) 

1057 

1057 

v  (-SO3H) 

1100-1300 

1100-1300 

U  (C-F) 

u:  stretching;  p:  deformation. 
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Fig.  3.  High-resolution  XPS  spectra  of  the  surface  of  Nation®  and  Nation®  composite  membranes:  (a)  S2p;  (b)  Ols  oxidation  for  1  h  at  various  temperatures. 


3.2.  X-ray  photoelectron  spectra 

The  optimum  oxidative  conditions  were  examined  using  X- 
ray  photoelectron  spectra  (XPS),  which  revealed  the  degree  of 
oxidation  of  thiol  (-SH)  to  sulfonic  acid  (-SO3H)  groups  at  dif¬ 
ferent  temperatures  (40,  60,  80  °C)  at  the  same  time  (lh),  as 
shown  in  Figs.  3  and  4.  In  Fig.  3(a),  the  XPS  of  the  S2p  core 
level  for  the  in  situ  outgassed  samples  revealed  characteristic 
S2p3/2-S2pi/2  spin-orbit  splitting.  The  chemical  characteristics 
of  the  samples  should  be  taken  into  account  from  the  more 
intense  component  of  S2p3/2.  The  1.2  wt%  silica-SH/Nafion® 
composite  membrane  consists  of  two  sulfur  species:  one  has 
a  low  binding  energy  (BE)  (162.0-163.3  eV),  which  corres¬ 
ponds  to  a  thiol  (-SH)  group,  and  the  other  has  a  higher  BE 
(168.3-171.0  eV),  which  is  associated  with  the  sulfonic  acid 
(-SO3H)  group  [29].  This  energy  difference  in  the  XPS  ana¬ 
lysis  is  useful  in  evaluating  the  degree  of  oxidation  of  thiol  to 
sulfonic  groups  near  the  surface  region.  As  plotted  in  curve  (d) 
in  Fig.  3(a),  ca.  90%  of  thiol  groups  were  converted  to  sulfo¬ 
nic  groups  at  an  oxidation  temperature  of  60  °C,  based  on  curve 
fitting.  Only  8-10%  of  the  thiol  groups  remained  unoxidized. 
However,  all  functionalized  sulfur  groups  were  detached  from 
the  surface  when  the  reaction  was  preformed  at  an  uncontrol¬ 
led  reaction  temperature  (80  °C),  as  revealed  by  curve  (e)  in 
Fig.  3(a).  Additionally,  curve  (c)  in  Fig.  3(a)  reveals  only  40% 
-SH  conversion  to  -SO3H  groups  in  the  membrane.  This  result 


indicates  that  controlling  the  oxidation  conditions  (time,  tempe¬ 
rature)  is  very  important  in  minimizing  the  detachment  of  the 
functionalized  thiol  groups  on  the  surface  of  silica  and  in  com¬ 
pleting  the  conversion  of  -SH  to  sulfonic  acid  groups.  However, 
the  total  amount  of  sulfur  remained  only  ca.  90%  of  the  initial 
sulfur  content  of  the  sample  after  oxidation.  This  result  can  be 
compared  with  that  for  the  non-treated  membrane  (t-SH-non), 
obtained  from  curve  (b)  in  Fig.  3(a). 

The  Ols  high-resolution  spectrum  of  the  unmodified  Nafion® 
exhibits  two  peaks  centered  at  535.0  and  532.5  eV,  which  may 
be  attributed  to  the  oxygen  atom  on  the  ether  linkage  and  the 
oxygen  atom  on  the  sulfonic  acid  group,  respectively,  as  shown 
in  curve  (a)  of  Fig.  3(b)  [29].  In  the  presence  of  silica-SH,  the 
shape  of  the  Ols  peak  changes  and  the  overall  atomic  percen¬ 
tage  increases.  These  results  were  reasonable  since  the  Ols  peak 
reveals  the  appearance  of  a  new  component  in  the  presence  of 
silica-SH/Nafion®  composite  membrane,  as  shown  in  curve  (b) 
of  Fig.  3(b).  A  peak  that  appears  at  531.9  eV  is  attributable  to 
the  oxygen  atom  on  the  silica  network,  synthesized  in  a  sol-gel 
reaction.  This  peak  overlaps  the  position  of  the  sulfonic  acid  oxy¬ 
gen  of  Nafion® .  The  experimental  conditions  of  curves  (c)-(e)  of 
Fig.  3(b)  are  the  same  as  those  in  Fig.  3(a).  Curve  (d)  of  Fig.  3(b) 
is  associated  with  the  optimum  oxidized  conditions.  In  Fig.  4(a) 
and  (b),  the  samples  with  different  oxidation  times  at  the  same 
temperature  (60  °C)  are  compared.  The  figures  suggest  that  the 
optimum  oxidation  conditions  were  60  °C  for  1  h. 
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3.3.  29 Si  nuclear  magnetic  resonance 

29  Si  NMR  spectroscopy  is  an  excellent  tool  for  studying 
the  structure  of  silicates,  silica  gel  and  silylated  silica  gel  [28]. 
Silica  gel  exhibits  29 Si  resonances  generally  in  the  range  —50 
to  —70  ppm,  as  shown  in  Fig.  5.  The  resonance  T3  is  attribu¬ 
ted  to  the  central  Si  atom  in  the  (-CH2-)  Si  (-OSi-)3  species 
and  the  T2  resonance  represents  the  central  Si  in  (-CH2-)  Si 
(-OSi-)2  (-OCH3  ) . 


Fig.  5.  29Si  NMR  spectra  of  silica-SH/Nafion®  oxidized  at  60  °C  at  various 
time. 


Table  2  summarizes  the  29  Si  composition  of  a  sol-gel  derived 
silica-SH/Nafion®  composite  membrane.  The  results  indicate 
that  the  silica  nanostructures  were  generated  by  an  in  situ  sol-gel 
process,  as  shown  in  curve  (a)  of  Fig.  5.  They  are  consistent  with 
results  of  FT-IR  described  above.  When  silica-SH  was  treated 
with  10  wt%  H2O2  solution  to  oxidize  the  thiol  group,  the  inten¬ 
sity  of  the  original  peak  ( T)  declined  slightly,  indicating  that  a 
few  grafted  molecules  were  detached  from  the  silica  surface. 
Furthermore,  the  surfaces  of  functionalized  groups  remained,  as 
shown  in  curve  (b)  of  Fig.  5.  However,  all  functionalized  sul¬ 
fur  groups  and  silica  were  detached  from  the  surfaces  when  the 
oxidation  was  preformed  for  an  uncontrolled  reaction  time,  as 
revealed  by  curve  (c)  of  Fig.  5. 

3.4.  Morphology  of  composite  membranes 

The  microstructures  of  pristine  Nation®,  silica-SH/Nafion® 
and  silica-S03H  /Nation®  composite  membranes  were  studied 
using  a  scanning  electron  microscope  (SEM).  Fig.  6  depicts  the 
representative  surface  images  of  the  samples.  The  SEM  micro¬ 
photograph  (a)  of  Fig.  6  demonstrates  that  the  neat  Nation® 
membrane  has  a  homogenous  structure.  Fig.  6(b)  and  (c)  show 
membranes  with  0.9  wt%  silica-SH  and  0.9  wt%  silica-SC^H 
particles  in  the  ionomer  matrix,  respectively.  As  can  be  seen 
clearly  from  these  images,  the  particulates  sizes  are  2-3  p,m  or 
less.  The  distribution  of  the  silica  particles  is  relatively  homo¬ 
genous,  with  differences  in  the  sizes  of  the  additive  particles. 
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Table  2 


T  distribution  of  silica-SO^H/Nation® 

composite  membranes 

Sample 

T2  (%)a 

T3  (%)b 

(a)  SH-unmodified 

24 

80 

(b)  SH-oxidation  60  °C,  lh 

20 

76 

(c)  SH-oxidation  60  °C,  2h 

5 

95 

a  pi. 


T2 


P: 


OH 


3.5.  Proton  conductivity,  water  uptake  and  swelling 

The  water  uptake  and  swelling  are  very  crucial  in  DMFC 
because  they  are  closely  related  to  the  proton  conductivity 
and  the  mechanical  strength  of  the  proton-conducting  mem¬ 
brane.  Hybridizing  Nation®  with  various  amounts  of  silica-SH 
reduces  the  water  uptake  and  the  swelling  of  the  membranes, 
as  shown  in  Table  3.  The  slight  decrease  in  the  water  uptake 
and  swelling  may  be  associated  with  the  introduction  of 
the  hydrophobic  materials  (such  as  silica-SH).  After  oxidi¬ 
zing  by  10vol.%  H2O2,  the  water  uptake  and  swelling  of 
silica-SOsH/Nafion®  composite  membrane  were  slightly  higher 
than  that  of  silica-SH/Nafion®.  The  terminal  functional  group 
(-SO3H)  of  silica-S03H  was  hydrophilic,  and  will  associated 
with  the  hydrated  species.  Fig.  7  presents  the  effect  of  silica-SH 


Si02  content  (wt  %) 


Fig.  7.  Proton  conductivities  of  silica-SOsH/Nafion®  and  silica-SH/Nafion® 
on  the  various  contents. 


and  silica-S03H  content  on  the  proton  conductivity  of  Nation® 
composite  membranes.  In  the  proton  conductivity  experiment, 
each  sample  was  measured  more  than  five  times.  Every  result 
was  averaged  in  the  error  range  ±5%.  The  proton  conducti¬ 
vity  of  silica-SH/Nafion®  composite  membranes  declined  as 
the  silica-SH  content  increased,  perhaps  because  the  silica  par¬ 
ticles  were  embedded  in  the  cluster  of  the  membrane  and  block 
the  transfer  of  protons.  Additionally,  the  proton  conductivity  of 
silica-S03H/Nafion®  exceeded  that  of  the  silica-SH/Nafion® 
composite  membrane.  The  silica-S03H/Nafion®  composite 
membrane  is  proposed  to  have  a  more  hydrophilic  sulfonic  group 
than  that  of  silica-SH/Nafion®  because  of  the  generation  of 
the  -SO3H  group  following  the  oxidation  of  the  -SH  group. 
However,  introducing  silica-SH  into  Nation®  would  reduce 
the  IEC  value  and  the  water  uptake  of  the  silica-SH/Nafion® 
membrane.  Moreover,  the  IEC  value  of  silica-SC^H/Nafion® 
would  increase  as  the  silica-SH/Nafion®  membrane  was  oxidi¬ 
zed,  as  shown  in  Table  3.  However,  the  proton  conductivity  of 
the  silica-S03H/Nafion®  membrane  does  not  increase  linearly 
with  the  silica  content  over  0.6  wt%,  perhaps  because  of  slight 
phase  separation. 


Fig.  6.  Microphotographs  of  (a)  pristine  Nation®  (b)  0.9  wt%  silica-SH/Nafion®  (c)  0.9  wt%  silica-S03H/Nafion®. 
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Table  3 

Physical  properties  of  silica-SO^H/Nafion®  composite  membranes 


Sample 

IEC  (mmol/g)a 

o  (mS  cm  1) 

Pb  (xlO"6  cm2  s-1) 

C/P ratio  (xlO4) 

Water  uptake0  (%) 

Swelling0  (%) 

Pristine  Nafion® 

0.949 

125.6 

5.51 

2.28 

80.45 

19.73 

0.3  wt%  silica-SC>3 H/N afion® 

0.976 

133.4 

5.23 

2.55 

76.11 

19.05 

0.6  wt%  silica-SC>3H/Nafion® 

0.980 

133.8 

5.02 

2.67 

71.46 

18.71 

0.9  wt%  silica-S03  H/N  afion® 

0.987 

126.3 

4.86 

2.60 

69.16 

17.87 

1.2  wt%  silica-SC>3  H/N  afion® 

1.011 

117.0 

4.71 

2.48 

62.22 

17.34 

a  A  base-titration  procedure  measures  the  equivalents  of  sulfonic  acid  in  the  polymer,  and  the  method  was  used  to  calculate  the  acid  capacity  or  equivalent  weight 
of  the  membrane. 
b  Methanol  permeability. 

c  The  sample  was  immersed  in  distilled  water  at  60  °C  for  1  h. 


3.6.  Methanol  permeability 

Fig.  8  plots  the  methanol  permeability  of  Nation®  compo¬ 
site  membranes  fabricated  with  different  silica-SH  or  oxidized 
silica-SH  contents.  The  membrane  thickness  was  maintained 
at  about  120  jmm  by  using  the  same  total  quantity  of  Nation® 
and  inorganic  filler.  The  methanol  permeability  declined  as 
the  silica-SH  content  increased.  The  permeation  of  metha¬ 
nol  normally  occurs  in  clusters  and  ion-channels  [30].  The 
silica-SH  formed  by  a  sol-gel  reaction  exist  in  the  hydro¬ 
philic  cluster  and  ion-channel,  increasing  the  length  of  the 
path  along  which  methanol  permeates  through  the  membrane. 
The  methanol  permeability  of  silica-S03H/Nafion®  excee¬ 
ded  that  of  the  silica-SH/Nafion®  composite  membrane.  The 
methanol  molecules  transfer  easily  together  with  solvated  pro¬ 
tons  (H30+  or  H502+)  because  the  hydrophilicity  of  the 
sulfonate  groups  of  silica-SOsH/Nafion®  exceeds  that  of  the 
silica-SH/Nafion®  composite  membrane.  The  methanol  per¬ 
meability  of  the  silica-S03H/Nafion®  composite  membrane 
was  still  lower  than  the  pristine  Nation®.  Adding  silica-SH  and 
silica-S03H  to  the  membrane  reduces  the  methanol  permeabi¬ 
lity  by  approximately  30%  and  15%,  respectively. 

The  proton  conductivity  and  the  methanol  crossover  domi¬ 
nate  the  cell  performance  in  a  DMFC.  Strong  cell  performance  is 
associated  with  high  proton  conductivity  and  low  methanol  cros¬ 
sover.  Adding  silica-SC^H  to  the  membrane  increases  the  ratio 


Nafion®  on  the  various  contents. 


of  proton  conductivity  to  methanol  permeability  (C/P  ratio),  as 
presented  in  Table  3. 

3. 7.  DMFC  test 

The  cell  performance  of  composite  membranes  was  tested  in 
a  DMFC  single  cell.  Fig.  9  plots  cell  potential  as  a  function  of 
current  density  and  power  density  versus  current  density  for  the 
DMFC  membrane-electrode  assembly  (MEA)  with  a  compo¬ 
site  membrane  with  0.6  wt%  silica-S03H  and  pristine  Nation®. 
Indeed,  reducing  the  methanol  crossover  increases  the  open  cir¬ 
cuit  voltage  (OCV)  and  significantly  improves  the  performance 
at  low  current  densities.  In  this  study,  silica-SH/Nafion®  and 
silica-S03H/Nafion®  had  higher  OCVs  than  pristine  Nafion®. 
However,  pristine  Nafion®  outperformed  silica-SH/Nafion®  at 
lower  current  densities,  perhaps  because  of  the  differences 
among  the  water  uptake  by  the  membranes.  The  changes 
in  the  water  uptake  may  contribute  to  changes  in  the  pro¬ 
ton  conductivity  of  the  proton  exchange  membranes.  Indeed, 
the  incorporation  of  silica-SH  was  expected  to  enhance  the 
hydrophobicity  of  the  Nafion®  membrane,  reducing  the  water 
uptake,  and  the  proton  conductivity,  reasonably  explaining  the 
cell  performance  at  lower  current  densities.  The  composite 
membrane  with  0.6  wt%  silica-SC^H/Nafion®  outperformed 
pristine  Nafion®.  The  current  densities  were  measured  as  62.5 
and  70  mA  cm-2  at  a  potential  of  0.2  V  when  the  composite 
membrane  contained  0  and  0.6  wt%  silica-SC^H,  respectively. 


Fig.  9.  Polarization  curves  for  the  MEA  made  with  pristine  Nafion®  membrane 
and  composite  membranes  operated  at  313  K. 
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Hopping  .Mechanism 


Hopping  Mechanic 

o 


Oxidiation  by  10  vol  %  H202 


at  60°C  for  1  h 


O 

o 

o 


Scheme  1.  The  transport  mechanism  and  structure  of  the  (a)  silica-SH/Nahon®  and  (b)  silica-SOsH/Nahon®  composite  membranes. 


The  current  density  of  the  silica-SH/Nahon®  composite  mem¬ 
brane  was  measured  at  50  mA  cm-2  at  a  potential  of  0.2  V. 
The  cell  performance  of  the  DMFC  was  improved  significantly 
by  introducing  silica-SC^H.  The  maximum  power  density  of 
15. 18  mW  cm-2  was  obtained  for  the  composite  membrane  with 
0.6  wt%  of  silica-S03H;  power  density  of  pristine  Nahon®  was 
13.04  mW  cm-2. 

The  presented  silica-SOsH/Nahon®  system  yields  promising 
results  for  two  reasons:  (i)  more  sulfonic  acid  groups  promote 
proton  hopping,  increasing  the  proton  conductivity;  (ii)  silica 
in  the  composite  membranes  suppresses  the  crossover  of  the 
methanol  Scheme  1 . 

4.  Conclusions 

Sulfonated-silica/Nahon®  composite  membranes  were  pre¬ 
pared  successfully  via  the  sol-gel  reaction  of  SH-silane  followed 
by  oxidation  with  10wt%  H2O2  solution.  The  XPS,  29Si 
NMR  and  SEM  results  indicated  that  the  optimum  oxida¬ 
tion  condition  was  60  °C  for  1  h.  The  performance  of  these 
silica-S03H/Nahon®  composite  membranes  was  evaluated  in 
terms  of  methanol  permeability,  proton  conductivity  and  cell 
performance.  The  proton  conductivity  of  the  composite  mem¬ 
brane  increased  from  0.126  to  0.134  (S  cm-1)  at  a  silica-S03H 
content  of  0.6  wt%.  The  methanol  permeability  of  the  composite 
membrane  declined)  as  the  silica-SC^H  content  in  the  com¬ 
posite  membrane  increased.  The  methanol  permeability  of  the 
composite  membrane  that  contained  0.6  wt%  silica-SC^H  was 
5.02  x  10-6  cm2  S-1,  which  was  10%  less  than  that  of  pristine 
Nafion®.  The  Nahon® /0.6  wt%  silica-S03H  composite  mem¬ 
brane  exhibited  higher  selectivity  (C/P  ratio  =  26,653)  than  that 
of  recasting  Nahon®  (C/P  ratio  =  22,795).  The  high  selectivity 
indicates  that  the  composite  membrane  is  appropriate  for  DMFC 
applications.  These  effects  markedly  improve  the  performance 
of  a  DMFC  made  from  Nahon® /silica-S03H  composite  mem¬ 
branes. 
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